Stable carbon and oxygen isotope compositions in tree rings (δ 13 C and δ 18 O, respectively) have long been suggested as recording both environmental conditions (e.g., Libby et al. 1976 , Gray and Thompson 1977 , Wilson and Grinsted 1977 and plant response to the environment (Francey and Farquhar 1982 , Saurer et al. 1997 , Roden and Ehleringer 1999 , Scheidegger et al. 2000 . Despite this long history of research, significant gaps in the understanding of the environmental and physiological drivers of variations in tree-ring δ 13 C and δ 18 O remain, exemplified by the highly variable closeness of correlations between isotope composition and environmental conditions and by the lack of a straightforward interpretation of dual-isotope effects (Roden and Farquhar 2012) . For example, Burk and Stuiver (1981) found a very close relationship between δ 18 O and temperature (r 2 = 0.95) among five conifer species, while Ramesh et al. (1986) found no significant correlation between the two in a single fir species. Part of the observed variation between studies reflects the imprint of physiological processes overlain on environmental effects, but even when physiological processes are considered explicitly, interpretation can be difficult (Roden and Farquhar 2012) .
In the current issue of Tree Physiology, Gessler et al. (2014) review the mechanistic understanding of the processes determining tree-ring δ 13 C and δ 18 O, highlighting the gaps in knowledge that require attention to allow accurate interpretation of the tree-ring isotope record. There are a great many uncertainties in the transfer of leaf carbon-water dynamics to the treering record, and many of these are discussed by Gessler et al. The current literature suggests that tree rings faithfully record canopy photosynthesis and stomatal conductance only in certain studies and for certain species. Here, we suggest that a combination of modelling and measurements may provide a valuable approach to filling the knowledge gaps identified by the authors.
Tree-ring stable isotopes have been measured on a number of temporal scales. Paleoclimatic and paleophysiological reconstructions are usually performed on annual to decadal rings (e.g., Feng 1999 , McCarroll and Loader 2004 , Penuelas et al. 2011 ), but also sometimes on just latewood to avoid carry-over effects from the previous season (e.g., Pawellek 2001, Kress et al. 2009) or to determine the impact of specific environmental conditions (e.g., Roden et al. 2009 ). At the other end of the temporal scale, a number of studies have also looked at very fine-scale intra-annual variation in tree-ring δ 13 C and δ 18 O (e.g., Walcroft et al. 1997 , Evans and Schrag 2004 , Helle and Schleser 2004 , Drew et al. 2009 ) for high temporal resolution records of both environmental conditions and physiological responses. The wide range in temporal scales reflects the range of research questions addressed, from detailed physiological studies to reconstructing climates over centuries. However, we argue that if fine-scale variation in δ 13 C and δ 18 O across an annual growth ring is not able to be accurately modelled, interpretation at annual and decadal temporal scales is compromised. Walcroft et al. (1997) were the first to compare a processbased model of leaf-level isotope effects with intra-annual variation in δ 13 C of wood from an evergreen conifer with high growth rates (allowing very high temporal resolution), with remarkable success. In the most detailed study to date, Ogée et al. (2009) developed an integrative model for intra-annual variation in cellulose δ 13 C and δ 18 O from maritime pine annual growth rings that included seasonal variation in the environment, in isotope
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Downloaded from https://academic.oup.com/treephys/article-abstract/34/8/792/2446781 by guest on 07 March 2019 compositions of CO 2 and H 2 O, leaf physiological responses to environmental conditions (validated against tree sap flux and ecosystem flux measurements), growth of the annual ring (validated against dendrometers) and a simple representation of a carbohydrate pool. This model performed adequately for two individual trees over two growth seasons, with good overall agreement between measured and modelled variation in both timing and amplitude of variation in both δ 13 C and δ 18 O, albeit with some discrepancies in earlywood δ 18 O for one of the two trees. However, one of the most valuable aspects of the study was the sensitivity analysis, which revealed five isotope discrimination parameters that strongly influence the isotope record. The sensitivity analysis also allowed Ogée et al. to conclude that inclusion of the Péclet effect in the leaf water δ 18 O model was not warranted in tree-ring studies, given the very low sensitivity of modelled δ 18 O to Péclet effective length.
While Ogée's model was mostly successful for the maritime pine species at the study site, it would not have performed at all well when compared with either the high-resolution δ 13 C data from European broadleaved trees presented by Helle and Schleser (2004) or the slightly lower-resolution data from Eucalyptus nitens Deane & Maiden before and immediately after drought (Drew et al. 2009 ). The maritime pine annual rings studied by Ogée showed patterns of δ 13 C that generally peaked in enrichment in the latewood, while Helle and Schleser's growth rings had strong peaks in enrichment in the first earlywood formed during a growth season for all four species studied (Fagus sylvatica L., Populus nigra L., Quercus petraea (Mattuschka) Leibl. and Morus alba L.). This earlywood peak and subsequent decline in broadleaved trees were attributed to four possible isotope effects (namely during carbohydrate remobilization in spring, during partitioning of carbohydrate between anabolic and catabolic metabolism, during respiration and during export from leaves), although Helle and Schleser did not determine the most likely explanation. Gessler et al. (2014) also present these processes as likely to influence the δ 13 C of tree rings. These alternative hypotheses, with their associated isotope effects, could be included in the model to determine whether the process could produce the observed variation, and provide constraints on values of the isotope effects. Drew et al. (2009) interpret the increase in enrichment after the break of a drought as remobilization of enriched stored carbohydrate synthesized during the drought, and again this could have been tested in the mechanistic model. Eglin et al. (2010) compared the measured intra-annual variation in δ 13 C of tree rings from a deciduous species (Q. petraea) with modelled values using a model similar in many respects to that of Ogée et al. (2009) . The main differences were in the treatment of the carbohydrate pool: rather than being one well-mixed pool, Eglin et al. considered a 'last in, first out' carbohydrate storage pool (Lacointe et al. 1993 ). This process was important in predicting the peak in δ 13 C enrichment in the earlywood (the observed peak in δ 13 C enrichment was very similar to that reported by Helle and Schleser 2004) , but a fractionation during starch synthesis was also required to reproduce the amplitude of the peak. Note that Eglin et al. did not require a substantial fractionation during carbohydrate export from leaves, hence reducing the possible explanatory processes suggested by Helle and Schleser from four to three. Like Ogée et al. 2009 , Eglin et al. (2010 found their model to be highly sensitive to isotope fractionation during both photosynthesis and respiration. These fractionations remain rather poorly constrained in vivo. That is, although discrimination by Rubsico is fairly well understood (e.g., McNevin et al. 2007 ), fractionation during carboxylation in functioning leaves has been found to vary considerably (e.g., compare 29 per mil(‰) from Roeske and O'Leary 1984 with 26‰ from Lanigan et al. 2008) . Similarly, respiratory fractionation in non-photosynthetic tissues is little understood in vivo (Werner and Gessler 2011 , but see Bathellier et al. 2009 ).
Expanding the type of study conducted by Ogée et al. and Eglin et al. to other species and locations is important for four reasons. Firstly, as a test of our mechanistic understanding and to inform further model development. Secondly, to determine the future directions of research through identifying parameters that are both poorly constrained and to which the model is very sensitive. Thirdly, to allow exclusion of parameters and processes to which the model is insensitive (e.g., the Péclet effect; Ogée et al. 2009 ). And finally, to allow temporal scaling and integration from environmental data and leaf-level gas exchange models on the scale of minutes to annual rings (e.g., Eglin et al. 2010) .
However, meeting the above-mentioned goals will be challenging. Notably, recent research activities have led to the discovery of previously unrecognized complexity in several aspects of the fractionation processes leading to the determination of tree-ring oxygen isotope ratios. For example, contrary to the conventional viewpoint that the effective path length (L) of the Péclet effect is a species-specific constant, plant physiologists have now gathered ample evidence indicating that L can display remarkable variation at the within-species level, in association with variation in transpiration rate or leaf hydraulic conductance (Ferrio et al. 2012 , Song et al. 2013 . Secondly, the biochemical fractionation factor (ε wc ) during the carbonyl oxygen exchange with water is traditionally assumed to be a constant of 27‰ regardless of environmental conditions. However, in a controlled experiment, Sternberg and Ellsworth (2011) report some deviation in the value of ε wc from 27‰, and the extent and direction of this deviation seem to be related to growth temperature. Thirdly, a number of papers have recently reported variability in the proportion of carbonyl oxygen exchange with source water (p ex ) during phloem transport and cellulose synthesis. By showing that p ex can vary among species (Gessler et al. 2013 , Song et al. 2014a ), across Do tree-ring stable isotope compositions faithfully record tree carbon/water dynamics? 793 environmental gradients (Gessler et al. 2009 ) and with the variation in non-structural carbohydrate turnover rate (Song et al. 2014b) , the results of these papers collectively challenge the common assumption of p ex being a constant of ~0.42 (e.g., Cernusak et al. 2005, Helliker and Richter 2008) .
Clearly, more research is needed to better characterize the values and variability of the above-mentioned fractionation factors. It goes without saying that erroneous knowledge concerning fractionation factors has the potential to impact the mechanistic interpretation in tree-ring isotope studies. As discussed by Gessler et al. (2014) , the mechanistic approaches include the increasingly popular methods of inverse modelling and dual-isotope correlations. Regarding the inverse modelling approach, Gessler et al. (2014) raise a good point that the effectiveness of this approach depends on how successful we are in constraining the uncertainties related to each of the model inputs. In this sense, we suggest that appropriate statistical methods such as sensitivity analysis, using minimum and maximum values from the literature, and/or error propagation be used when possible, to enable a rigorous treatment of uncertainty.
Interpretation of dual-isotope correlations has been the subject of detailed discussion in a recent commentary paper by Roden and Siegwolf (2012) . In their analysis of the problems and pitfalls related to the theory and application of the model, Roden and Siegwolf (2012) list 10 reasons why inappropriate use of the dual-isotope model can lead to erroneous interpretation of data. Here, in light of the recent findings on L, we suggest an additional reason to stress the need for caution when the model is applied to ecophysiological studies. As is known, one of the key components of the model framework is the assumption that under the 'all else (i.e., source water and ambient air conditions) being equal' scenario, a directional change (i.e., an increase) in cellulose δ 18 O can be used to infer a directional change (i.e., decrease) in stomatal conductance (g s ). A mechanistic prerequisite for this assumption is that L is a species-specific constant, such that a positive relationship exists between the proportional difference (hereafter denoted as f) between isotope enrichment of leaf water and evaporative site water and E (or g s ). However, due to the lack of validity of the 'constant L' assumption as revealed in recent studies, it has become clear that a positive relationship between f and E (or g s ) cannot be guaranteed even if all else are equal. For example, Song et al. (2013) have demonstrated the existence of a negative power relationship between L and E across a range of tree species. In this context, and depending on the exact power of such a type of relationship, we would expect f to show either negative, positive or even no relationship with E (or g s ). The variable relationship between f and E (or g s ) could, in turn, render the relationship between cellulose δ 18 O and g s variable, giving rise to the possibility of inconsistency with the dual-isotope framework. Indeed, such inconsistency is evident in a recent study, for which Saffell et al. (2014) report that fungal disease-infested Douglas-fir trees in a forest site of the northwestern USA had significantly lower g s but yet rather similar tree-ring δ 18 O when compared with the uninfested trees of the same species.
At present, tree-ring stable isotope compositions remain somewhat unreliable as a record of tree carbon-water dynamics. Evergreen conifers growing in temperate environments seem to provide the most direct record of leaf processes (e.g., Walcroft et al. 1997 , Ogée et al. 2009 ), while carbohydrate pool dynamics may mask the imprint of leaf processes on tree rings after the break of a drought (Drew et al. 2009 ) and in the earlywood of deciduous species (e.g., Schleser 2004, Eglin et al. 2010 ). The review of Gessler et al. (2014) highlights the opportunities to exploit the tree-ring isotope record and many of the processes that act to obscure this record.
